21 Evidence shows that selective attention to visual stimuli modulates the gain of 22 cochlear responses, probably through auditory-cortex descending pathways. At the cerebral 23 cortex level, amplitude and phase changes of neural oscillations have been proposed as a 24 correlate of selective attention. However, whether sensory receptors are also influenced by 25 the oscillatory network during attention tasks remains unknown. Here, we searched for 26 oscillatory attention-related activity at the cochlear receptor in humans. We used an 27 alternating visual/auditory selective attention task and measured electroencephalographic 28 activity simultaneously to distortion product otoacoustic emissions (a measure of cochlear 29 receptor-cell activity). In order to search for cochlear oscillatory activity, the otoacoustic 30 emission signal, was included as an additional channel in the electroencephalogram 31 analyses. This method allowed us to study dynamic changes of cochlear oscillations in the 32 same range of frequencies (1-35 Hz) in which cognitive effects are commonly observed in 33 electroencephalogram works. We found the presence of low frequency (<10 Hz) brain and 34 cochlear amplifier oscillations during periods of selective attention to visual and auditory 35 stimuli. Notably, switching between auditory and visual attention modulates the amplitude 36 and the temporal order of brain and inner ear oscillations. These results extend the role of 37 the oscillatory activity network during cognition in neural systems to the receptor level.
Introduction
In natural environments animals are surrounded by a great number of sensory 44 stimuli. As the nervous system has a limited capacity for processing all sensory stimuli, 45 individuals require of attention to focus their cognitive resources on important stimuli. 46 Selective attention is a top-down form of attention in which one sensory modality is 47 important to accomplish a given task and the other modalities are irrelevant or even 48 distracting [1] . At the mechanistic level, it has been proposed that selective attention can 49 function as a biological filter, meaning that neural responses to the attended stimulus are 50 enhanced, while responses to unattended stimuli can be diminished. Whether these 51 processes occur only at the central nervous system or also at more peripheral levels has 52 remained controversial for many [2] [3] [4] . 53 Evidence in mammals demonstrates that in the case of visual selective attention 54 with auditory distractors, a modulation of the gain of auditory responses is clearly seen at 55 the cortical level [3, 5] , while at the peripheral level, conflicting results have been reported, 56 including positive [6] [7] [8] and negative findings [3, 4, 9] . However, the modulation of the gain 57 of sensory responses by attention does not explain all possible brain mechanisms of top-58 down attention. Another proposed mechanism for attention arises from the known 59 oscillatory nature of the nervous system, which has been suggested as a general mechanism 60 for perception and cognition in vertebrate and invertebrate animals [10] [11] [12] . Amplitude 61 changes in specific frequency bands or the entrainment of neuronal oscillations have been 62 proposed as mechanisms of attentional selection [13] [14] [15] , which could allow large or local 63 scale synchronization among different brain areas [10, 16] . However, whether cortical 64 oscillations during selective attention to visual stimuli modulate cochlear responses at the 65 4 receptor level is unknown. Here, we used an alternating visual/auditory selective attention 66 task in humans (based on [17] ) and measured electroencephalographic (EEG) activity 67 simultaneously to a virtual channel of the amplitude of distortion product otoacoustic 68 emissions (DPOAE) that allowed us to examine in the frequency domain of single-trials, 69 the dynamics between cortical electrical oscillations and hypothetical oscillatory activity of 70 the cochlear amplifier [18, 19] .
71

Results
72
Continuous 32-channel EEG and DPOAE were recorded in 14 subjects performing 73 alternating tasks that required attentional switches between visual and auditory perceptual 74 modalities (Fig 1) . Both modalities required high temporal acuity in detecting time in a 75 revolving clock (visual) or a brief gap of silence embedded in continuous DPOAE-eliciting 76 pairs of tones (auditory). Time and frequency averaged EEG and DPOAE signals were 77 analyzed in a period of delimited high expectancy (selective attention) in both modalities, 78 corresponding to the epochs before the appearance of auditory and visual targets (from 0 79 ms to 1500 ms) and were compared with the previous period (-1500 ms to 0 ms). The 80 DPOAE channel was calculated using the amplitude of the frequency band surrounding 81 (±100 Hz) the 2f1-f2 component (Supplementary Figs. 1 and 2) . In order to analyze EEG 82 and DPOAE signals as part of the same functional network during selective attention, we 83 added the DPOAE amplitude signal as an additional channel in EEG analyses. 84 During the period of selective auditory attention, in which subjects had high 85 expectancy for a silence gap embedded in continuous primary f1 and f2 tones that evoke 86 DPOAE, an evoked potential appeared in the grand average of the EEG signal at Cz ( Fig   87   2a ), while in the same period a subtle non-significant reduction was observed in the 88 5 DPOAE signal (Fig 2b) . During this period, we also found the presence of low frequency 89 oscillations (<10 Hz) in the brain (Fig 2c, EEG) and cochlear receptor (Fig 2d, DPOAE) . 90 EEG Cz oscillations were phase-locked to the onset of the auditory attention period ( Fig   91   2e ), while cochlear oscillations had enough jitter to show a complete absence of phase-92 locking (Fig 2f) . Fig. 3 shows grand average results for the case of visual selective 93 attention. A visual evoked response was clearly seen in the occipital EEG channels ( Fig   94   3a ), while the averaged DPAOE signal showed no effect (Fig 3b) . Similarly to the auditory 95 attention trials, the frequency analyses of EEG and DPOAE signals yielded the presence of 96 low-frequency (<10 Hz) oscillations at the brain and cochlear levels (Fig 3c and 3d) . The 97 phase-locking values of these oscillations, show that the EEG signal coming from the 98 occipital cortex is synchronized to the onset of the visual attention period (Fig 3e) , while no 99 phase-locking was seen at the cochlear level (Fig 3f) . 100 In order to compare amplitudes and temporal dynamics of single trial EEG and 101 cochlear oscillations (Fig 4a and 4b) , during visual and auditory attention, oscillation 102 amplitudes (frequency band 1-7 Hz) were normalized as z-scores for both types of In the present work, we found the presence of low-frequency (<10 Hz) EEG and 114 DPOAE oscillations during periods of selective attention to visual and auditory stimuli. 115 These findings expand the framework of the oscillatory mechanisms in the attentional 116 network, as many authors consider primary sensory cortices as the earliest brain regions 117 that could be affected by these mechanisms, while the present work adds the cochlear 118 receptor as the most peripheral structure modulated by the oscillatory network of attention. 119 It is important to remind that otoacoustic emissions are sounds -pressure waves-120 emitted by the inner ear that can be measured with a sensitive microphone positioned at the 121 external ear canal [20] . They are thought to reflect the electro-motility of outer hair cells of 122 the cochlear receptor, which is the proposed cellular mechanism of cochlear amplification 123 [19, 21, 22] . The frequency band (<10 Hz) of the amplitude oscillations modulating the 124 DPOAE (2f1-f2) that we found is located below the human audible range (which goes from 125 20 to 20,000 Hz), and therefore, these low-frequency oscillations can be considered as 126 infrasound waves [23] . 127 Whether attention modulates the cochlear receptor has remained controversial for 128 many years [3, 4] . A number of works have found top-down effects of visual attention at the 129 cochlear amplifier measuring otoacoustic emission amplitudes [8, [24] [25] [26] , however other 130 authors have failed to find them [3, 4, 9] . In our work, we also explored frequency specific 131 oscillatory mechanisms for attentional selection [14] at the cochlear level. In the present 132 work, although we did not find a modulation of the mean amplitude of evoked DPOAEs by Moreover, the temporal order of the electrical brain oscillations at the occipital cortex and 142 the mechanical oscillations at the cochlear receptor was inverted depending on the attended 143 modality (Fig 4c, d ). If the subjects were attending to the visual task, then the low-144 frequency occipital oscillations preceded DPOAE amplitude oscillations (Fig 4c) . On the 145 contrary, if attention was directed to the acoustic stimuli, then cochlear oscillations led 146 occipital cortex waves (Fig 4d) . Thus, the temporal order between occipital cortex and 147 DPOAE oscillations was inverted by switching between auditory and visual attention tasks. 148 The low-frequency oscillations that we observed in our tasks (<10 Hz) can be 149 classified as delta and theta EEG oscillations [12] . Regarding theta oscillations, it has been 150 theorized that in cognitive tasks in humans they emerge in the frontal cortex [27] and serve 151 as a time reference for the dynamic assembly of different neural populations, (e.g. 152 hippocampus), by increasing and decreasing the firing rate probability of single neurons 153 subjected to the extracellular local field potentials induced by more global cortical 154 oscillations [28, 29] . In the context of attention, theta oscillations have been found in cross-155 modal paradigms involving visual and auditory attention [30, 31] . These authors showed 156 8 that theta allows fronto-parietal top-down modulation of visual and auditory cortices during 157 cross-modal attention. In our work we extend the oscillatory network of top-down attention 158 towards the cochlear receptor, showing that occipital EEG low-frequency oscillatory 159 activity precedes mechanical oscillations in the cochlear amplifier during visual attention. 160 We propose that the descending pathways from the auditory cortex to the cochlear receptor 161 that comprise the auditory efferent system [32, 33] , are the most probable neural pathways Fig 1) . Subjects had to report immediately and as precisely as 258 possible the clock hand position at the time of visual cue offset, occurring 1,500-2,500 ms 259 from its onset. This task was adapted from a similar version implemented by other 260 investigators [17] . A quick reaction was encouraged, but without interfering with response 261 precision. To indicate the time at which subjects thought that cue offset occurred, the button 262 had to be maintained pressed, inverting the rotation of the clock hand (from clockwise to 263 counter-clockwise) and slowing down to 0.33 Hz, eventually passing over target position, 264 where the button had to be released to set the response. No feedback was given about 265 performance. Immediately after button release, the task switches to auditory attention, and 266 the clock hand no longer moves but jumps to random positions without coherent motion. When the task switches to auditory selective attention, subjects must react by 269 pressing the button when they detect a brief silence gap that interrupts the continuous 270 DPOAE-eliciting tones. They must focus on the auditory domain while ignoring random 271 jumps in the position of the clock hand. Gaps occur between 1,500-2,500 ms posterior to 272 the task switch, and 1,000 ms are given to react upon detection. Task switches to the initial 273 passive visual period if response window ends (omitted trial) or immediately after correct 274 detections (button press between 100-1,000 ms from gap onset), which turns the random 275 pattern of the clock hand again into a clockwise, coherent rotation at 1 cycle per second. either the onset of the visual cue that started the period of focused visual attention, or the 325 attentional switch to the auditory task triggered by the behavioral response of the previous 326 visual task (Fig. 1) . For analyses purpose we used time windows of ± 1,500 ms aligned to 327 the onset of visual or auditory attention periods. 328 Analysis in the time domain consisted of averaging every channel with trials locked 329 to the onset of the visual or auditory task. In the frequency domain, we analyzed 330 frequencies between 1 and 35 Hz, in steps of 1 Hz, with Morlet wavelets having m ratio 331 equal to 7. First, we calculated the average of spectral z-scores. For each subject and 332 channel, the spectrum of the single trials was obtained with the wavelet method, and 333 frequency specific z-scores were obtained based on each trial baseline (-1,500 to 0 ms). In 334 other words, for each trial and frequency value, the mean and standard deviation of the 335 16 baseline period was calculated, and the whole spectrogram represented in z-score. Finally, 336 these spectrograms were averaged for each subject, and then across subjects. Then, we 337 measured the inter-trial-phase locking values, which measures the consistency of phase 338 alignment across trials. Only the phase of each frequency component was considered and 339 not its amplitude. Values are bounded between 0 and 1, from null to complete phase 340 synchrony across trials. 341 To study the time relationship between the emergence of cortical and cochlear 342 oscillations revealed by the average of spectral z-scores, we measured for each subject the 343 time points where 50% of the maximum oscillatory power was achieved in the band 344 between 1 and 7 Hz, for Fz, Cz, O2 and the DPOAE-amplitude channels. These time values 345 are box-plotted in Fig 4c,d , and the statistical significance between channels evaluated with 346 Mann-Whitney (using p<0.05 as significant). 347 
